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CHAPTER  1 


INTRODUCTION 


1.0      PROJECT   DESCRIPTION 

In  March  1988  a  contract  was  signed  between  Kansas 
State     University      (KSU)      and     IBM.  IBM     proposed     the 

"development  of  a  set  of  models  and  programs  for  optimized 
planning  and  operation  of  the  IBM  7547  SCARA  Robot  selected 
for    'plate    loading'    operation    automation    (1)." 

The  plate  loading  is  a  pick  and  place  operation.  The 
task  involves  removal  of  empty  dispensers  from  a  fixture 
plate  and  replacing  them  with  full  dispensers.  Each 
dispenser  is  placed  and  held  at  a  precise  location  on  the 
plate  with  a  given  orientation.  All  dispensers  are 
identical  in  shape  and  size.  However,  dispensers  are  part- 
type  specific  (1)  .  This  operation  is  automated  due  to  the 
large  number  of  dispensers  per  plate  and  the  dispenser's 
small    size    and   identical    appearance. 

The  plate  loading  operation  is  a  bottleneck  and 
therefore  was  chosen  for  optimization.  IBM  provided  a 
project  description  and  two  industrial  robots  to  complete 
the  project  (The  project  description  is  included  in 
Appendix  A)  .  The  description  required  a  set  of  algorithms 
to: 

1)  Determine    an   optimal    path    for    the    robot    to    follow. 

2)  Determine    the   optimal    setup   of    the   workpieces. 

3)  Accurately    estimate     the    robot     cycle     time     (an 
emulator) . 

1.1      AGENDA 

This  chapter  will  discuss  some  of  the  applications  of 
robots  in  electronic  assembly  and  specifically  the 
applications    of    the    pick    and    place    sequence    to    the    assembly 


process.        Next,     reasons     for    using    robots     in    electronic 

assembly  will   be   presented   along   with    a    literature    survey    to 

show   the    importance   of   minimizing   robot    cycle    time.      Lastly, 

specific    requirements    for    the    IBM    project    will    be    given 

which    will    provide    the     agenda     for     the    remainder    of     the 

paper. 

1.2   USE  OF  ROBOTS  IN  ELECTRONIC  ASSEMBLY 

Robots  are  used  in  two  important  areas  of  electronic 
assembly.  They  are  used  to  place  components  in  low-volume, 
high  variety  printed  circuit  board  (PCB)  production.  Robots 
are  also  used  to  place  dispensers  of  components  on  fixture 
plates.  These  fixture  plates  are  used  on  automatic 
insertion  machines  to  place  components  in  the  mass 
production  of  PCB '  s .  In  electronic  assembly,  a  pick  and 
place  sequence  is  required  to  place  dispensers  on  a  fixture 
plate  or  components  on  a  PCB. 

The  pick  and  place  sequence  of  the  robot  is  usually  a 
very  simple  cycle.  It  includes  grasping  a  component  in  a 
part  feeder,  placing  the  component  on  the  plate,  and 
returning  for  the  next  component.  This  cycle  is  repeated 
until  all  components  are  placed.  Components  include 
resistors,  capacitors,  transistors,  and  integrated  circuit 
chips.  Many  of  these  components  are  less  than  0.050". 
Because  of  their  small  size,  hundreds  of  components  can  be 
placed  on  a  plate.  There  may  also  be  a  wide  variety  of 
component  types  which  adds  to  the  complexity  of  the  pick  and 
place  sequence.   The  widespread  use  of  the  pick  and  place 


sequence  and  its  importance  to  electronic  assembly  is 
impacted  by  the  number  of  robots  used  in  the  electronic 
assembly  industry. 

The  use  of  robots  in  industry  has  been  increasing 
rapidly  over  the  last  decade.  In  1981,  5000  robots  were  in 
operation  in  the  United  States  (2) .  According  to  Dataquest 
Inc.  27,600  robots  were  in  operation  in  the  United  States  at 
the  beginning  of  1987  (3).  Of  that  number,  5450  or  nearly 
20%  were  involved  in  assembly.  By  1991  the  percentage  is 
expected  to  grow  to  25-27%  (3).  Electronic  assembly  is 
expected  to  account  for  70%  of  the  entire  assembly 
operations  performed  by  robots.  This  means  that  according 
to  this  source  nearly  19%  of  the  total  robot  population  in 
1991  is  expected  to  be  used  in  electronic  assembly. 

Another  source  states  that  assembly  operations  are 
generally  regarded  to  have  the  greatest  potential  for  the 
implementation  of  today's  robot  workforce  (4).  By  1995 
assembly  operations  are  expected  to  account  for  more  than 
30%  of  the  total  robot  sales.  Electronic  assembly  is 
expected  to  account  for  approximately  16%  of  the  total  robot 
sales  in  1995  (4).  Additionally,  electronic  assembly  is 
also  the  fastest  growing  application  area  for  robots, 
increasing  from  6%  of  the  total  robot  force  in  1985  to  an 
estimated  14%  in  1995  (5)  . 

1.3   REASONS  FOR  USING  ROBOTS  IN  ELECTRONIC  ASSEMBLY 

Market  research  has  shown  that  close  to  10  billion 


components  will  be  placed  on  PCB  '  s  in  1990  (6).  Some 
companies  that  will  be  using  robots  to  place  those 
components  include:  Lockheed,  AT&T,  Teledyne,  Ryan,  Hughes, 
and  Westinghouse  (7).  The  increased  use  of  robots  for 
electronic  assembly  can  be  attributed  to  their  increased 
capabilities.  Three  main  areas  in  which  robots  have 
improved  are  (  8 )  : 

1)  1.  jreased  speed 

2)  increased  communications 

3)  better  integration 

4)  availability  of  off-line  programming  languages 

Increased  speed  reduces  cycle  times  and  allows  robots 
to  compete  with  fixed  automation  systems.  Because 
electronic  assembly  deals  with  an  extensive  number  of  parts 
and  locations,  communications  are  essential  for  keeping 
track  of  the  counts  for  each  part  type  and  signaling  when  a 
feeder  has  run  out  of  a  part.  A  fully  integrated  system  is 
needed  because  of  the  communications  requirements  and 
because  of  the  need  to  quickly  process  sensory  information. 
Vision  systems  or  tactile  sensors  are  needed  for  error 
handling,  detecting  part  presence,  orientation,  and 
identification.  An  integrated  robot  system  interfaces  the 
host  computer,  the  sensory  devices,  and  the  robot. 

Because  robot  capabilities  have  improved  there  are  many 
reasons  for  using  robots  in  electronic  assembly.  Some  of 
the  main  ones  are  (9)  : 

1)  increased  flexibility 

2)  reduction  of  manual  errors 
J)  increased  throughput 

4)  lower  overall  manufacturing  costs 

Most  experts  agree  that  increasing  the  flexibility  of 


the  plant  is  the  primary  advantage  of  using  a  robot  in 
electronic  assembly  (3,8).  A  single  robot  can  be 
reprogrammed  to  do  a  variety  of  tasks.  A  robot  can  easily 
change  from  placing  components  on  one  fixture  plate  to 
placing  them  on  another,  by  changing  a  software  program. 
This  reduces  the  need  for  expensive  dedicated  automation  for 
each  specific  PCB.  Savings  come  from  reduced  capital 
investment,  reduced  floor  space  and  a  minimum  obsolescence 
of  capital  equipment.  Increasing  flexibility  is  also 
important  when  moving  toward  a  Just  in  Time  philosophy  or 
implementing  a  flexible  manufacturing  system  because  it 
allows  for  a  quick  changover  in  products  being  made. 

Robotic  electronic  assembly  reduces  placement  errors. 
Because  electronic  components  are  small  and  tend  to  look 
alike,  manual  errors  are  often  high.  At  the  Fort  Collins 
System  Division  of  Hewlett-Packard,  placement  errors  were 
reduced  by  97%  by  implementing  a  robot  system  (9).  Another 
advantage  over  manual  placement  includes  increased  quality. 
Robots  are  more  accurate  and  placement  errors  are  reduced 
which  allows  for  a  higher  quality  product. 

Higher  throughput  is  achieved  mainly  due  to  increased 
flexibility  and  reduction  of  manual  errors.  Increased 
flexibility  allows  for  the  reduction  of  setup  times  because 
the  robot  can  easily  change  from  working  on  one  PCB  to 
working  on  another.  Reducing  setup  times  reduces  the 
downtime  of  the  robot  which  in  turn  allows  for  a  higher  flow 
rate  of  parts  through  the  system.  Reducing  manual  errors 
allows  for  more  consistent  output  of  the  system.   Fewer 


PCB's  have  to  be  reworked  or  discarded.   This  also  allows 
for  more  PCB's  to  flow  through  the  system  in  less  time. 

Lowering  overall  manufacturing  costs  is  the  goal  of 
every  manufacturer.  Using  robots  in  electronic  asserr'-ly 
will  help  to  achieve  this  goal.  Higher  throughput,  better 
quality,  fewer  errors,  and  increased  flexibility  are  just 
some  of  the  ways  in  which  robots  can  lower  overall 
manufacturing  costs  in  electronic  assembly.  Lowering 
manufacturing  costs  is  vital  in  the  highly  competitive 
electronics  industry  where  "getting  the  product  out  the 
door"  faster  may  be  the  only  thing  that  distinguishes  one 
company  from  another.  A  company  that  cannot  continue  to 
compete  will  find  itself  losing  its  market  share,  losing 
profits,  and  will  eventually  go  bankrupt.  Consequently,  a 
company  must  look  for  ways  to  produce  more  product  in  less 
time.  One  of  the  ways  to  do  this  is  to  reduce  the  cycle 
time  of  the  robot. 

1.4   LITERATURE  SURVEY 

Research  publications  are  scarce  in  the  area  of 
minimization  of  robot  cycle  time.  There  are  a  number  of 
reasons  for  this  scarcity.  First,  the  use  of  robots  in 
industry  is  fairly  new,  and  many  companies  are  still  in  the 
implementation  stage.  Companies  are  primarily  concerned 
with  finding  applications  for  the  robots  and  debugging  the 
systems.  Minimizing  the  cycle  time  for  the  robot  will  only 
become  important  after  the  robotic  systems  are  working  and 


producing  products.  Most  robots  in  the  past  were  programmed 
with  teach  pendants.  These  robots  are  taught  points  by 
physically  moving  the  robot  to  each  desired  point.  This 
makes  a  pick  and  place  sequence  very  tedious  and  difficult 
to  program.  The  availability  of  robot  programming  languages 
makes  this  task  much  easier.  Point  locations  can  be 
supplied  to  the  robot  by  an  algorithm  without  having  to 
drive  the  robot  to  each  position.  This  capability  also 
reduces  the  system  downtime. 

In  1986,  Chang  minimized  the  cycle  time  for  a  robot  to 
place  components  on  a  PCB  (18).  The  main  thrust  of  Chang's 
research  included  minimizing  the  travel  time  for  both 
movable  part  feeders  and  a  movable  PCB.  Algorithms  to  solve 
the  Traveling  Salesman  problem  were  also  explored.  However, 
strict  time  constraints  for  the  computational  time  of  the 
algorithms  were  not  needed. 

One  method  for  minimizing  robot  cycle  time  is  analagous 
to  MTM  (methods  time  measurement)  which  is  used  in  human 
work  analysis.  RTM  (robot  time  and  motion)  attempts  to 
eliminate  wasted  robot  movem.ents  by  dividing  a  cycle  times 
into  small  components  such  as  grasp,  reach,  move,  etc. 
(2,10).  RTM  is  used  mostly  for  comparison  of  characteristics 
between  robots  and  to  predict  cycle  time.  RTM ' s  weakness  is 
that  it  focuses  more  on  the  minimization  of  individual  moves 
than  on  the  entire  cycle. 

In  1987  Dimitrios  Andreou  developed  a  heuristic  for 
minimizing  robot  cycle  time  for  a  die  attach  machine  (11)  . 
Andreou  was  mainly  concerned  with  developing  a  heuristic  for 
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the  Traveling  Salesman  Problem.  Region  growing  and  cluster 
analysis  were  used  to  reduce  a  large-scale  Traveling 
Salesman  Problem  to  clusters  that  could  be  solved  by  a 
branch  and  bound  algorithm.  Run  times  for  the  algorithms 
were  excessive  and  work  station  design  and  replenishment  of 
parts  were  not  discussed. 

In  1984  Drezner  and  Nof  optimized  a  bin  picking  and 
insertion  sequence  for  an  assembly  robot  (12) .  Robot  cycle 
time  was  minimized  by  an  optimal  work  station  design  and 
assembly  sequence.  The  assembly  sequence  involved  only  a  few 
components  and  was  optimized  by  a  Minimax  Assignment 
Problem.  The  problem  was  small  enough  to  avoid  using  an 
algorithm  of  the  traveling  saleman  problem. 

1.5   PURPOSE  OF  MINIMIZING  ROBOT  CYCLE  TIME 

Robots  are  being  widely  used  in  electronic  assembly. 
They  have  the  capability  of  increasing  throughput  and 
lowering  overall  manufacturing  costs.  However,  throughput 
will  not  be  maximized  and  manufacturing  costs  will  not  be 
minimized  unless  the  robot  is  used  in  the  best  way  possible. 
Choosing  the  best  robot  and  minimizing  its  cycle  time  should 
meet  these  objectives. 

The  preferred  robot  for  assembly  is  usually  the  SCARA 
(selective  compliance  assembly  robot  arm)  (13).  This  type 
of  robot  is  fast  and  is  specifically  designed  for  assembly, 
whi -h  makes  it  ideal  for  use  in  the  pick  and  place  sequence 
found  in  electronic  assembly. 


After  choosing  a  robot,  the  goal  of  maximum  throughput 
is  achieved  by  minimizing  the  time  it  takes  for  the  robot  to 
place  dispensers  on  the  plate.  As  will  be  explained  later, 
reducing  the  cycle  time  for  the  robot  is  a  function  of  the 
work  station  design,  the  replenishment  scheme,  and  the  pick 
and  place  sequence.  The  overall  minimization  of  the  robot 
cycle  time  will  occur  when  each  of  these  three  areas  has 
been  optimized. 

1.6  PROBLEM  STATEMENT 

Minimize  the  cycle  time  for  a  robotic  pick  and  place 
sequence  in  an  electronic  assembly  operation. 

1.7  PROBLEM  DESCRIPTION 

The  IBM  7547  SCARA  robot  was  installed  at  Kansas  State 
University  (KSU)  and  was  working  by  the  end  of  September 
1988.  After  studying  Javad  Ahmadi's  "Proposal  for 
development  of  optimized  control  and  support  programs  for 
the  IBM  7547  SCARA  robot  used  for  PAPS  automated  plate 
loading  task,"   work  was  begun  to  develop  the  following: 

*  a  robot  emulator  accurate  to  within  +5% 

*  a  work  station  designed  to  use  the  "fastest" 
region  of  the  robot  envelope 

*  a  replenishment  scheme 

*  a  pick  and  place  sequence  which  employs  a 
computationally  quick  algorithm  that  minimizes 
total  cycle  time 

*  a  mock-up  of  the  PAPS  automated  plate  loading 
task 

*  an  AML  support  program  used  for  the  mock-up 
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This  thesis  deals  specifically  with  the  minimization  of 
the  robot  cycle  time  which  depends  on: 

1)  work  station  design 

2)  replenishment  of  parts  to  the  robot 

3)  a  pick  and  place  sequence  to  minimize  total 
cycle  time 

The  development  of  the  robot  emulator  will  be  presented 
by  Laura  Cranmer  in  a  KSU  Master's  Thesis  in  the  fall  of 
1989.  The  mock-up  of  the  PAPS  automated  loading  task  and 
the  AML  support  program  were  used  to  verify  the  accuracy  of 
the  emulator  and  will  not  be  presented  in  this  paper.  The 
emulator  was  used  to  test  the  cycle  times  for  each  of  the 
heuristics  developed. 

Five  example  plates  were  provided  by  IBM  to  complete 
the  project  (see  Appendix  B  for  example  plates).  Each 
individual  component  is  held  in  a  dispenser.  A  cartridge 
stores  one  dispenser  type  and  a  set  of  cartridges  forms  a 
magazine.  Figure  1.1  displays  the  process  mock-up.  The 
plate  holds  the  dispensers  for  the  circuit  board  assembly 
process.  An  operator  manually  loads  and  unloads  the  plates 
and  cartridges. 
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Figure  1.1   Process  Mock-up 
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The  robot's  function  in  this  application  is  to 

replenish  a  plate  with  new  dispensers  by  iterating  through 
the  following  pick  and  place  sequence.  The  robot  removes  an 
empty  dispenser  from  the  plate,  places  the  empty  dispenser 
in  the  empty  position  in  a  cartridge,  retrieves  a  full 
dispenser  from  that  cartridge,  and  places  the  full  dispenser 
on  the  plate.  This  process  continues  until  all  empty 
dispensers  have  been  replaced  with  full  dispensers. 

The  remainder  of  this  paper  addresses  the  minimization 
of  the  robot  cycle  time  for  the  problem  previously 
discussed.  Chapter  2  deals  specifically  with  work  station 
design.  Chapter  3  addresses  replenishment  procedures- 
Chapter  4  deals  with  minimizing  the  time  for  the  pick  and 
place  sequence.    Chapter  5  introduces  three  algorithms  to 
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minimize  the  cycle  time.  Chapter  6  will  provide  conclusions 
derived  from  the  project.  Finally,  chapter  7  will  address 
areas  of  future  research.  This  thesis  borrows  heavily  from 
the  finax  report  submitted  to  IBM  (14) . 
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CHAPTER  2 


WORK  STATION  DESIGN 
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2.0  MINIMIZATION  OF  A  CYCLE 

Cycle  time  can  be  minimized  by  addressing  three  areas: 

1)  work    station    design 

2)  replenishment   procedures 

3)  pick    and   place    sequence 

The  work  station  design  locates  the  workpieces  within 
the  robot's  work  envelope.  The  replenishment  procedure 
addresses  loading/unloading  of  the  plates,  and  maintaining 
the  full  dispenser  supply.  The  pick  and  place  sequence 
determines  the  path  for  the  robot  to  follow  in  this 
automated   plate    loading   operation. 

2.1  WORK  STATION  DESIGN 

A  good  work  station  design  is  essential  to  the 
minimization  of  cycle  time.  To  evaluate  the  robot's 
capabilities  within  the  work  envelope,  a  series  of  timed 
movement  tests  were  performed.  These  tests  provided  data 
concerning  the  robot's  speed  at  various  locations  within  the 
work  envelope.  In  particular,  the  KSU/IBM  Research  Team  was 
interested  in  robot  speed  variation  and  determining  whether 
a  relationship  existed  between  time  required  to  perform  a 
move  and  the  distance  of  that  move. 

Test  Methodology 

Tests  were  performed  at  the  highest  precision  level 
(0).  A  linear  path  was  not  specified;  the  default  "arc" 
path  was  used.  The  tests  were  timed  using  a  stopwatch 
with  accuracy  to  hundredths  of  seconds.   The  same  program 
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was  used  in  each  test  (with  the  points  changed)  for 
consistency.  Seven  locations  were  tested  with  all  tests  for 
each  location  beginning  from  the  same  point.  These 
locations    are   shown   in   Figure    2.1. 

Figure    2.1:    Work    Station   Test   Locations 


*    X 
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Tests  were  performed  at  each  location  for  the  following 
directions  and  distances. 

Directions : 

x-only 


y-only 


xy 


<>i 


The  distances  tested  were:  30  mm,  100  mm,  250  mm,  500  mm. 
The  test  consisted  of  the  robot  moving  back  and  forth 
between  two  points  100  times.  The  robot  moved  from  a  test 
location  (see  Figure  2.1)  to  a  point  in  a  specific 
direction.  These  tests  were  replicated  and  averaged.  The 
resulting  data  is  included  in  Appendix  B. 

The  data  indicated  that  average  robot  speed  (mm/sec) 
increased  as  distance  traveled  increased.  The  data  also 
revealed  speed  variations  throughout  the  work  envelope. 
Further  testing  and  research  showed  the  robot's  speed  is 
dependent  upon  the  angular  movement  of  each  joint  (elbow  and 
shoulder)  .  This  theory  is  fully  discussed  in  the  Final 
Report  to  IBM  (14) . 

In  general  the  data  showed  movement  was  faster  at  the 
perimeter  of  the  envelope  and  in  the  second  quadrant.   (Both 
these  criteria  maximize  the  use  of  the  robot  shoulder  joint 
e^^)   See  Figure  2.2.   The  robot  set-up  has  been  designed  to 
use  this  "faster"  region  of  the  work  envelope.   The  robot 
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set-up  is  shown  in  Figure  2.3 


Figure  2.2:  Speed  within  the  Work  Envelope 


Figure  2.3:  Work  Station  Set-up 
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CHAPTER  3 


REPLENISHMENT  OF  THE  ROBOT 
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3.0   REPLENISHMENT  PROCEDURE 

Once  set  up,  the  robot's  time  is  divided  between 
replenishment  time  and  the  time  the  robot  is  performing  an 
operation.  The  robot  is  idle  during  replenishment  time, 
therefore  the  time  required  for  replenishment  should  be 
minimized.  This  section  discusses  replenishment  procedures 
for  maintaining  a  full  dispenser  supply  and 
loading/unloading  of  the  plates  for  the  robot  pick  and  place 
sequence . 

Ideally,  automated  loading  and  unloading  of  the  robot 
would  allow  for  nearly  continuous  operation.  However  manual 
loading  is  a  system  constraint  of  this  robot  operation.  For 
safety  reasons  the  robot  must  be  shut  down  whenever  the 
operator  is  within  the  work  envelope.  Thus  the  robot  must 
stop  for  plate  loading  and  replenishment  of  cartridges. 

Cartridge  replenishment  during  plate  loading  minimizes 
downtime.  When  a  finished  plate  is  removed  and  a  new  plate 
loaded,  any  empty  or  near-empty  cartridges  are  removed  and 
replaced.  The  robot's  counters  (which  monitor  cartridge 
supply)  are  then  reset  through  a  computer  interface.  A 
light  at  the  cartridge  alerts  the  operator  to  replace  the 
cartridge.  This  light  is  triggered  by  the  computer  through 
digital  input/digital  output  (DI/DO) . 

Cartridges  are  organized  in  magazines.  Multiple 
magazines  located  within  the  work  envelope  will  also 
minimize  downtime.  The  work  station  design  includes  two 
magazines.    (See  Figure  2.3)    The  robot  is  programmed  to 
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pick  from  one  magazine  until  a  part  type  is  depleted.  Then 
the  robot  picks  from  the  alternate  magazine.  The 
application  of  alternate  magazines  further  reduces  the 
chance  of  the  robot  running  out  of  a  dispenser  type  while 
filling  a  plate. 

Magazines  should  be  removable  during  robot  operation. 
For  example,  the  magazines  could  be  on  a  conveyor  under  the 
operator's  control.  The  operator  will  have  the  flexibility 
to  remove  one  magazine  while  the  robot  is  picking  from  the 
alternate  magazine.  The  operator  informs  the  controller 
through  DI  (digital  input)  that  the  magazine  will  be 
removed  for  replenishment.  The  operator  removes  and  quickly 
fills  the  depleted  cartridges,  then  replaces  the  magazine. 
The  operator  notifies  the  controller  that  the  magazine  has 
been  replaced.  This  facilitates  continuous  operation  of  the 
robot . 
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CHAPTER  4 


THE  PICK  AND  PLACE  SEQUENCE 
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4.0   INTRODUCTION 

The  robot  moves  along  a  predetermined  path  when 
performing  the  pick  and  place  sequence.  The  bill  of 
materials  (BOM)  is  used  to  develop  the  path  the  robot 
follows.  Minimizing  the  time  required  to  complete  the  pick 
and  place  sequence  (cycle  time)  will  provide  for  maximum 
throughput    for    the    system. 

The  pick  and  place  sequence  consists  of  cycling  through 
the  following  moves: 

Figure  4.1:   Robot  Moves 


1:  MOVE  to  empty  dispenser 
2:  PICK  UP  empty  dispenser 

3:  MOVE  to  the  cartridge 

4:  PLACE  the  dispenser  in  empty 
space  within  the  cartridge 

5:  MOVE  to  next  ciosest  fuil  dispenser 
6:  PICK  UP  full  dispenser 
7:  MOVE  to  initial  location  (on  plate) 
8:  PLACE  the  fuil  dispenser 
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The  z-move  (vertical  move)  time  required  to  grasp  the 
dispenser  (moves  2  and  6)  and  the  time  required  to  release 
the  dispenser  (moves  4  and  8)  are  fixed,  and  not 
optimization  candidates.  These  moves  are  constrained  by  the 
robot's  capabilities.  The  move  within  the  cartridge  to 
retrieve  a  full  dispenser  (move  5)  is  fixed  by  the 
predetermined  interior  cartridge  design.  This  move  is  very 
small . 

The  decision  as  to  which  dispenser  the  robot  picks  and 
places  next  is  one  area  to  optimize  (move  1)  .  The  move  to 
the  cartridge  and  back  to  the  plate  (move  3  and  7)  is 
another  optimization  candidate.  Moves  3  and  7  are  nearly 
identical.  Move  7  is  less  than  move  3  by  the  small  move 
within  the  cartridge  (move  5) .  For  practical  purposes  moves 
3  and  7  can  be  treated  as  equal. 

After  analysis,  only  two  areas  could  be  controlled  to 
minimize  cycle  time: 

1)  moves  within  the  plate  (move  1),  and 

2)  moves  from  the  plate  to  the  cartridges 
and  back  (moves  3  and  7) 

The  distance  traveled  from  the  plate  to  a  cartridge  and  back 

has  no  impact  on  the  choice  of  the  next  dispenser  on  the 

plate.  The  opposite  is  also  true:   the  next  chosen  dispenser 

on  the  plate  has  no  effect  on  the  distance  traveled  to  place 

that  dispenser  in  the  cartridge  and  return.   In  other  words, 

selecting  the  path  within  the  plate  does  not  depend  on  the 

path  chosen  outside  the  plate.   Therefore  the  two  paths  can 

be  separated  and  treated  as  two  independent  problems. 

Empirical  evidence  (discussed  in  section  4.2)  supported  this 
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hypothesis • 

4.1  PATH  OUTSIDE  THE  PLATE 

The  external  path  consists  of  all  moves  outside  the 
plate.  These  include  moves  from  the  plate  to  the  magazine, 
moves  within  the  magazine,  and  moves  from  the  magazine  to 
the  plate.  Two  areas  are  addressed  to  minimize  the  time 
required  for  moves  outside  the  plate: 

1)  the  location  of  the  magazines  relative  to  the  plate 

2)  the  dispenser  replenishment  choice 

Both  decisions  have  one  goal:  minimize  the  distance 
traveled. 

To  minimize  the  distance  traveled  for  decision  1,  the 
plate  and  magazines  are  located  as  close  to  each  other  as 
possible.   (See  Figure  2.3) 

Once  the  plate  and  magazine  locations  are  established, 
the  second  decision  can  be  addressed.  Before  a  preferred 
cartridge  choice  can  be  determined,  the  number  of 
cartridges  per  dispenser  type  and  the  cartridge  locations 
within  the  magazines  must  be  known.  The  cartridge  location 
within  the  magazine  and  the  number  of  cartridges  per 
dispenser  type  is  referred  to  as  the  magazine  design. 

Magazine  Jesign 

The  magazine  must  contain  a  cartridge  for  every 
dispenser  type  used  in  the  process  to  satisfy  project 
constraints.  This  may  not  be  the  best  use  of  space  because 
some  dispenser  types  are  used  infrequently.   The  project 
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also   required   a   global   magazine   design    to    serve    all    plates. 

An  aggregate  plate  was  used  to  develop  the  global 
magazine  design.  The  aggregate  plate  was  developed  by 
combining  the  characteristics  {locations  and  dispenser 
types)  of  all  individual  plates.  The  aggregate  plate  for 
the  process  mock-up  was  determined  using  the  experimental 
plates  developed  for  this  project.  (See  experimental  design 
section  of  Appendix  B)  Using  this  aggregate  plate  a  global 
optimum  is  found  for  the  cartridge  locations  within  a 
magazine.  The  cartridge  placement  is  determined  by  the 
following   method. 

Given   the   BOM   for    the    aggregate   plate    and   the    cartridge 

location(s)     within    the    work    envelope,     the    density    is 

determined     for     each    part     type.        Next,     the    number     of 

cartridges    to    be    assigned    to    a    part    type    is    calculated. 

This    calculation   is    a    simple   weighted   ratio: 

f(x)    =    z(w/y) 

where  f(x)  =  number  of  cartridges  of  dispenser  type  x 

w   =  number  of  dispensers  of  type  x  on  the  aggregate 

plate 
y  =  total  number  of  dispensers  on  the  aggregate 

plate 
z   =  number  of  possible  cartridge  locations 

available 

Once  the  number  of  cartridges  per  dispenser  type  is 
determined,  the  dispenser  types  are  ranked  according  to 
density  on  the  aggregate  plate.  The  dispenser  type  with  the 
highest  density  is  given  preference  when  determining 
cartridge  locations.  Starting  with  the  highest  density 
part,    locations    are    determined    by    summing    distances    from 
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each  dispenser  of  part  type  x  to  the  center  of  each 
available  cartridge  location.  The  algorithm  assigns 
cartridge  locations  for  the  dispenser  according  to  the 
smallest  summed  distance.  The  locations  chosen  are  exempted 
from  assignment  to  any  other  dispenser  types.  This  process 
is  continued  until  all  dispenser  types  have  been  assigned 
cartridges.  Figure  4.2  shows  the  cartridge  assignment 
flowchart. 
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Figure  4.2:   Cartridge  Assignment  Flowchart 
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The  process  mock-up  uses  eight  part-types.  These  part- 
types  are  the  most  frequently  occurring  part  types  on  the 
five  plates  supplied  by  IBM.  These  part-types  represent  89% 
of  the  total  parts.  Five  experimental  bill  of  materials 
(BOM)  were  used  to  develop  a  mock-up  aggregate  plate  (See 
the  experimental  design  section  in  Appendix  B).  This 
aggregate  plate  and  the  cartridge  locations  were  put  into 
the  cartridge  assignment  algorithm.  The  mock-up  magazines 
contain  fourteen  cartridges  each.  Fourteen  cartridges  per 
magazine  allow  for  multiple  cartridges  for  several  part- 
types.  Figure  4.3  illustrates  the  resulting  magazine 
designs  for  the  mock-up. 

Figure  4.3:   Mock-up  Magazine  Designs 


The  number  in  each 
cartridge  indicates 
the  cartridge  part- 
type. 
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Dispenser  to  Cartridge  Decision 

Given  multiple  cartridges  of  a  dispenser  type,  the 
robot  must  determine  which  cartridge  to  draw  from.  To 
further  minimize  cycle  time,  an  ideal  cartridge  choice  for 
each  dispenser  on  a  given  plate  is  assigned.  This  ideal 
cartridge  choice  is  determined  for  each  magazine  and  is 
based  on  the  minimum  travel  distance.  This  cartridge  choice 
is  appended  to  the  BOM  data. 

The  robot  will  pick  and  place  the  given  dispenser  from 
the  "ideal"  cartridge  choice  for  that  magazine,  until  the 
cartridge  is  empty.  When  this  occurs,  the  robot  defaults  to 
the  erur  handling  routine.  This  routine  examines  the 
magazine  status  to  determine  whether  other  cartridges  exist 
for  that  dispenser  type  and  if  any  dispensers  are  available. 
The  robot  uses  these  dispensers  if  they  exist.  If  not  the 
robot  switches  to  the  other  magazine. 

4.2  PATH  WITHIN  THE  PLATE 

This  section  is  divided  into  four  main  parts: 

1)  independence  of  the  external  and  internal  paths 

2)  development  of  heuristics 

3)  data  analysis  of  the  heuristics 

4)  conclusion 

Reasons  for  minimizing  the  internal  path  are  discussed  in 
the  first  section.  The  heuristic  section  presents  various 
algorithms  that  can  be  used  to  minimize  the  internal  path 
time.  These  algorithms  will  be  compared.  Finally, 
conclusions  and  recommendations  are  presented  for  choosing 
the  best  heuristic  to  minimize  the  cycle  time  for  the  plate. 
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Independence  of  the  external  and  internal  paths . 

This  section  describes  the  best  approach  for  minimizing 
the  total  time  for  the  pick  and  place  sequence.  By  dividing 
the  total  cycle  time  into  external  path  and  internal  path 
times,  it  will  be  shown  that  the  external  path  time  is 
constant.  Therefore  the  only  candidate  for  minimization  is 
the  internal  path  time. 

The  external  path  is  simply  any  move  that  the  robot 
makes  outside  the  plate.  These  types  of  moves  include  moves 
from  the  plate  to  the  magazines,  moves  within  the  magazines, 
and  moves  from  the  magazines  back  to  the  plate.  The 
internal  path  includes  only  the  moves  between  the  dispensers 
on  the  plate.  The  z-move  times  are  considered  separately 
because  they  require  a  fixed  amount  of  time.  The  sum  of  the 
internal  path,  external  path  and  z-moves  equals  the  total 
path.  The  total  path  must  be  minimized  for  maximum 
throughput  of  the  system.  The  internal  path  was  treated  as 
independent  from  the  external  path. 

The  external  path  was  optimized  by  developing  a  good 
work  station  and  magazine  design.  The  establishment  of  the 
work  station  and  magazine  design  determines  the  average 
external  path.  In  other  words,  no  matter  what  path  is 
taken  within  the  plate,  the  external  path  time  will  be 
virtually  constant.   An  example  will  illustrate  this  point. 

A  simple  plate  of  six  dispensers  was  created  (Figure 
4.4),  and  two  different  internal  path  algorithms  were  tested 
to  see  how  the  times  for  the  internal  and  external  paths 
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differed  from  one  algorithm  to  the  next.  The  total  cycle 
time  for  each  algorithm  was  broken  down  into  separate 
components:  external  path  time,  internal  path  time,  and  z- 
move  time.  After  running  each  algorithm  for  100  cycles  on 
the  emulator,  algorithm  2  yielded  a  better  internal  path 
time  (3.62  sees)  than  the  internal  path  time  (5.13  sees)  for 
algorithm  1. 


1 
2 


Figure  4.4:  6  Dispenser  Example  Data 
(Cycle  Times  in  seconds) 


Avg. 

Tot. 

Algorithm    Time 


Avg. 
Ext. 
Time 


Avg. 
Int. 
Time 


Avg. 

Z-Move 

Time 


69.04 
67.52 


17.72 
17.72 


5.13 
3.62 


46.19 
46.  19 


This  example  shows  that  although  the  internal  path  time 
for  each  algorithm  is  very  different,  the  external  path  time 
remains  constant.  The  z-move  times  are  constant  between 
algorithms.  This  is  because  a  dispenser  is  picked  up  and 
put  down  the  same  number  of  times,  independent  of  the 
internal  path  algorithm  used.  Also  note  that  the  z-moves 
make  up  the  majority  of  the  cycle  time.  This  is  due  to  the 
fact  that  the  z-move  is  the  slowest  robot  movement,  and  in 
this  pick  and  place  operation  a  z-move  follows  every  linear 
move.   Therefore  minimizing  z-move  distances  is  essential. 

To  further  show  that  external  path  time  is  constant 
between  algorithms,  a  more  complex  plate  was  developed  using 
data  supplied  by  IBM  (The  IBM  plates  are  included  in 
Appendix  B)  .  Data  from  IBM  Plate  1  was  converted  into 
coordinates  within  the  robot  work  space.   Since  the  mock-up 
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uses  only  8  of  the  most  frequently  used  part  types  and  this 
plate  is  considerably  smaller,  the  entire  138  parts  found  on 
IBM  Plate  1  could  not  be  used.  Fifty-eight  dispenser  xy- 
locations  were  used  (nearly  half  of  the  actual  plate) .  The 
dispensers  used  were  those  part-types  with  cartridges  in  the 
mock-up  magazines.  For  this  example,  20  cycles  were  run  on 
each  of  three  different  internal  path  algorithms.  The 
results  are  shown  in  Figure  4.5.  The  external  path  times 
for  each  of  the  algorithms  are  practically  constant  with 
little  more  than  0.1%  difference. 


Figure  4.5:   58  Dispenser  Example  Data 
(Time  in  seconds) 
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The  z-move  time  is  69%  of  the  total  cycle  time.  The  external 
path  time  is  approximately  25%  of  the  total  time.  The 
remaining  6%  of  the  total  cycle  time  consists  of  the  inner 
path  time.  Figure  4.6  graphically  illustrates  this  break 
down. 
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Figure  4.6: 


Total  Cycle  Time  Break  Down 
For  Figure  4.5 
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External    Path    Importance 

Figure  4.5  illustrates  that  the  external  path  time  is 
constant  and  thus  independent  of  the  internal  path 
algorithm.  This  is  true  because  the  magazine  and  cartridge 
set-up  is  fixed  and  cannot  be  changed  from  one  plate  to 
another.  Once  the  plate,  magazines  and  cartridges  have  been 
placed  in  the  work  station,  the  arrangement  cannot  be  moved 
or  changed.  The  work  station  design  determines  the  distance 
traveled  from  the  dispensers  on  the  plate  to  the  magazines. 
This    distance    tends    to    average    out    after   many    cycles. 

This  average  distance  is  equivalent  to  the  distance 
between  a  particular  dispenser  to  the  middle  of  the 
cartridge  where  that  part  is  stored.  On  all  parts  this 
distance  becomes  a  constant,  just  as  all  the  z-moves  are 
constant.        If,     however,         the     magazine     set-up     could     be 
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changed  or  moved  during  a  cycle,  then  the  internal  and 
external  paths  would  no  longer  be  independent  and  the  total 
path  would  have  to  be  minimized  simultaneously.  Because  the 
only  moves  in  the  entire  plate  cycle  that  are  not  constants 
are  the  moves  within  the  plate  itself,  the  internal  path  for 
a  particular  plate  should  be  the  target  for  minimization. 
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CHAPTER  5 
DEVELOPMENT  OF  HEURISTICS 
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The  time  to  traverse  the  internal  path  is  the  only  time 
out  of  the  total  cycle  that  is  not  constant  once  the  work 
station  design  is  fixed.  Therefore  finding  a  minimum 
internal  path  time  will  minimize  overall  cycle  time.  The 
only  way  to  find  the  optimal  internal  path  would  be  to 
evaluate  every  possible  path  that  could  be  taken  between  the 
dispensers  on  the  plate  and  pick  the  path  with  the  smallest 
cycle  time. 

5.0   The  Traveling  Salesman  Problem 

Research  identified  the  traveling  salesman  problem,  a 
classical  operations  research  problem,  to  be  analagous  to 
optimizing  the  robot  movement  within  the  plate  (15) .  In  its 
basic  form,  the  traveling  salesman  problem  concerns  a 
salesman  who  has  customers  scattered  throughout  a  region. 
The  salesman  wants  to  visit  each  customer  exactly  once  in 
the  shortest  distance  possible  and  return  home.  This 
situation  is  analogous  to  replacing  the  dispensers  on  a 
fixture  plate. 

This  problem  has  been  researched  for  over  sixty  years 
(16)  and  no  efficient  algorithm  for  its  exact  solution  has 
been  found  (15).  To  solve  such  a  problem  exactly,  each 
alternative  path  must  be  evaluated.  Solution  is  difficult 
because  the  problem  is  combinatorial.  As  the  number  of 
nodes  (dispensers)  in  the  path  increases,  the  number  of 
potential  paths  increases  exponentially.  To  find  an  optimal 
path  for  a  plate  containing  10  dispensers  would  be 
relatively  easy  as  a  computer  could  quickly  generate  all  the 
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possible  paths  and  pick  the  one  that  gives  the  least 
distance.  However,  finding  all  the  possible  paths  for  a 
plate  with  100  dispensers  is  impossible  to  do  because  it 
would  take  99!  computations.  At  today's  computer  speed  of 
nano-seconds  per  computation,  it  would  be  futile  to  find  all 
the   possible   paths. 

Because  an  optimal  solution  is  not  feasible  for  a 
problem  with  many  nodes,  many  heuristics  have  been  developed 
for  solving  the  traveling  salesman  algorithm.  These 
heuristics    fall    into    three    categories    (17) : 

1)  tour  construction  procedures 

2)  tour  improvement  procedures 

3)  composite  procedures 

Tour  construction  procedures  generate  a  path  based  on  a 
distance  matrix.  After  the  distance  between  each  of  the 
nodes  is  calculated,  some  type  of  assignment  problem  is  used 
to  determine  a  path. 

Tour  improvement  procedures  attempt  to  find  a  better 
path  given  an  initial  path.  Branch  and  bound  algorithms 
fall  into  this  category.  A  distance  matrix  is  calculated 
and  a  search  is  made  to  find  an  initial  path.  The  length  of 
the  path  found  at  the  end  of  this  search  becomes  the  initial 
bound.  All  remaining  potential  solutions  are  evaluated. 
Any  path  that  provides  a  smaller  length  than  the  bound, 
becomes  the  new  bound.  The  bound  at  the  end  of  this  process 
is  the  minimum  length  path. 

Composite  procedures  construct  an  initial  path  from  a 
tour  construction  procedure  and  then  attempt  to  find  a 
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better  path  using  one  or  more  of  the  tour  improvement 
procedures . 

Most  of  these  procedures  are  covered  in  detail  in  the 
literature,  so  they  will  not  be  discussed  here.  The  problem 
with  each  of  thes  types  of  heuristics  is  run  time.  To 
create  a  distance  matrix  for  a  problem  with  between  100  and 
200  nodes  takes  several  minutes.  The  search  to  find  the 
path  will  take  much  longer.  As  a  result  heuristics  have 
been  developed  to  try  to  find  paths  that  are  close  to 
optimal  but  do  not  take  forever  to  come  up  with  a  solution. 

Normally  developing  an  optimal  path  is  based  on  finding 
an  overall  minimum  distance  between  dispensers  on  a  plate. 
However,  reseach  showed  that  the  minimum  distance  is  not  the 
same  as  minimum  time.  Therefore  the  heuristics  were 
evaluated  based  on  time  requirements. 

There  are  two  main  criteria  for  finding  the  best 
internal  path: 

1)  The  path  should  provide  a  minimum  cycle  time. 

2)  The  algorithm  to  find  the  minimum  cycle  time  path 
should  be  computationally  fast  enough  to  run  on 
the  shop  floor. 

These  two  criteria  are  conflicting.   In  the  case  of  finding 

a  minimum  cycle  time  for  a  plate  with  over  100  dispensers, 

any  of  the  algorithms  described  above  would  require  too  much 

computer  time  to  run  on  the  shop  floor.   A  rule  of  thumb 

when  minimizing  the  cycle  time  for  a  plate  with  a  large 

number  of  dispensers  is  the  closer  the  approach  to  an 

optimal  path,  the  more  computations  are  involved.   Hence  the 

longer  computer  time  to  find  the  path. 
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Thus  the  question  becomes:  which  is  the  more  important 
of  the  two  criteria?  Because  it  is  not  feasible  to  minimize 
both  cycle  time  and  algorithm  run  time  together,  finding  a 
computationally  quick  algorithm  was  emphasized.  The  fact 
that  only  a  small  percentage  of  the  total  cycle  time  for  a 
plate  comes  from  the  internal  path  time  influenced  this 
decision.  In  Figure  4.4,  for  example, the  internal  path  time 
for  algorithm  2  is  42%  better  than  the  internal  path  time 
for  algorithm  1.  However,  the  total  cycle  time  for 
algorithm  2  is  only  2%  better.  This  shows  that  better 
performance  of  the  internal  path  may  not  make  enough 
difference  in  the  overall  cycle  time  to  warrant  the  extra 
computer  run  time.  For  this  reason,  simple  computational 
algorithms  were  developed  that  would  achieve  a  good  solution 
while  taking  little  computer  run  time.  The  algorithms  will 
now  be  presented. 

5.1   THE  ALGORITHMS 

Three  different  algorithms  were  developed: 

1)  nearest  neighbor 

2)  up/down 

3)  spiral 

These  three  algorithms  were  chosen  because  of  their 
simplicity,  ease  of  programming,  and  potentially  quick 
computer  run  time. 

The  Basic  language  was  used  to  program  each  of  the 
algorithms.  Basic  was  chosen  from  the  beginning  of  the 
project  because  it  was  the  most  accessible  language  for  the 
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students  involved  in  the  original  KSU/IBM  Research  Team. 
Each  of  the  programs  were  run  on  an  8086  microprocesser  at  4 
megahertz.  Although  this  computer  is  very  slow,  the  run 
times  generated  were  used  only  for  comparative  purposes. 

Each  of  the  programs  read  in  data  from  a  bill  of 
materials  file  that  was  presorted  by  dBASE  III+.  The  bill 
of  materials  file  was  sorted  first  on  ascending  x  location 
and  then  on  ascending  y  location.  This  had  the  effect  of 
starting  each  of  the  algorithms  on  the  same  corner  of  the 
plate  with  the  smallest  x  and  y  value,  and  simplified  the 
programming. 

5.2   Nearest  Neighbor  Algorithm 

The  nearest  neighbor  algorithm  finds  a  path  by  going  to 
the  next  closest  dispenser  until  all  dispensers  have  been 
encountered  to  form  a  path.  Figure  5.1  presents  a  flow 
chart  for  this  method. 
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Figure    5.1:      Nearest   Neighbor   Flowchart 
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Figure  5.2:  Nearest  Neighbor  Example  Plate 


Figure  5.3:  Sorted  BOM  File 
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Figure  5.4:   Distance  Matrix 
12     3     4 
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To  find  this  path  an  assignment  problem  is  used.  A 
simple  example  will  help  to  clarify  this  method,  an  example 
plate  is  shown  in  Figure  5.2.  The  sorted  bill  of 
materials  file  (Figure  5.3)  is  presented  in  a  matrix  form 
showing  the  distances  between  each  of  the  dispensers  (Figure 
5.4)  . 
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The  infinity  entries  show  impossible  and  undesirable 
paths  (e.g.  it  is  not  desirable  to  go  from  dispenser  one  to 
dispenser  one).  After  a  dispenser  has  been  used,  that 
dispenser  can  never  be  used  again  so  an  entire  column  will 
be  blacked  out  by  infinity  entries  to  show  that  the 
dispenser  will  not  be  considered  again. 

In  the  example,  dispenser  1  will  be  first  in  our  path. 
Column  one  is  blacked  out  because  dispenser  1  will  not  be 
reconsidered.  (Figure  5.5a)  Next,  look  in  row  one  for  the 
smallest  entry,  which  will  show  the  closest  dispenser  to 
dispenser  1.  If  a  tie  exists  between  values  in  a  row,  the 
first  encountered  value  (left  to  right  in  the  matrix)  is 
chosen.  This  dispenser  happens  to  be  dispenser  2  found  in 
column  2  with  a  distance  of  5.  Therefore,  choose  dispenser 
2  to  be  next  in  the  path.  Column  2  is  blacked  out  and  row  2 
is  searched  for  the  smallest  value  (Figure  5.5b). 


Figure  5.5a:   Distance  Matrix  after 
First  Iteration 
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Figure  5.5b:   Distance  Matrix  after 
Second  Iteration 
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Again   5  is  the  smallest  value,  found  in  column  3. 

Dispenser  3  is  chosen  as  next  in  the  path,  column  3  is 

blacked  out,  and  row  3  is  searched  for  the  smallest 

distance.   (See  Figure  5.5c)  The  smallest  entry  is  2  found 

in  column  5.   Dispenser  5  is  chosen  as  next  in  the  path  and 

since  there  is  only  one  dispenser  left,  dispenser  4  is 

chosen  as   last  in  the  path.   The  final  path  given  by  the 

nearest  neighbor  algorithm  will  be  1-2-3-5-4  (Figure  5.5d). 

Figure  5.5c:   Distance  Matrix  after 
Third  Iteration 
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Figure  5.5d:   Final  Path 
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5.3      Up/ down  Algorithm 

The  up/down  algorithm  finds  a  path  by  systematically 
weaving  through  the  plate  from  top  to  bottom,  bottom  to  top 
and  from  left  to  right.  Figure  5.6  shows  the  flowchart  for 
this  procedure.  To  best  describe  this  algorithm  another 
simple  example  will  be  used.  A  sorted  bill  of  materials 
file  will  be  used.  Parts  are  sorted  by  ascending  x  values, 
and  then  if  an  x  value  is  duplicated  the  dispensers  are 
sorted  by  ascending  y  values.  This  procedure  gives  the  file 
found  in  Figure  5.7.  A  graph  of  the  data  is  given  in 
Figure    5.8. 

Figure   5.6:      Up/down   Flowchart 
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Figure  5.7:   Sorted  BOM  File 
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Figure  5.8:   Experimental  Plate 
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To  start  the  algorithm,  the  smallest  (x,y)  value  is 
chosen,  in  this  case  dispenser  1.  Going  right  across  the 
plate,  the  next  largest  x-value  encountered  is  dispenser  2 
so  it  is  chosen  as  next  in  the  path.  To  choose  the  next 
dispenser  takes  a  decision,  since  there  are  two  dispensers 
with  X  values  of  3,  [dispenser  3  and  dispenser  4].  The  best 
one  to  choose  would  be  the  closest;  therefore,  the  distance 
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between  dispensers  2  and  3  is  calculated  and  compared  to  the 
distance  between  dispensers  2  and  4.  Dispenser  4  is 
chosen  and  is  next  in  the  path,  followed  by  dispenser  3.  To 
find  the  next  dispenser  in  the  path,  a  decision  must  be  made 
between  two  dispensers  5  and  6.  Dispenser  5  is  closer  to 
dispenser  3  so  it  is  the  next  dispenser  in  the  path, 
followed  by  dispenser  6.  No  decision  needs  to  be  made  on  the 
next  dispenser  in  the  path,  which  will  be  dispenser  7.  The 
next  dispenser  will  be  chosen  from  the  x  =  8  column. 
Because  we  are  tracing  the  plate  in  an  up/down  fashion, 
check  only  the  distance  between  the  previous  dispenser  and 
dispensers  with  the  greatest  and  least  y  value.  In  this 
example  the  distance  between  dispenser  7  and  dispenser  10  is 
smaller  than  the  distance  between  dispenser  7  and  dispenser 
8.  Therefore  dispenser  10  is  next  in  the  path,  followed  by 
dispenser  9,  and  lastly  dispenser  8.  The  overall  path  for 
this  plate  would  be  1-2-4-3-5-6-7-10-9-8  shown  in  Figure 
5.9. 

Figure  5.9:   Plate  Path 


5.4   Spiral  algorithm 

The  spiral  algorithm  finds  a  path  by  spiraling  from  the 
outside  of  the  plate  to  the  inside  of  the  plate.  The 
algorithm  systematically  searches  for  the  smallest  y-value 
coordinate  and  chooses  the  dispenser  location  that 
corresponds  with  that  y  coordinate.  If  duplicate  x  values 
exist  for  the  smallest  y  value,  the  smaller  x  value 
locations  are  chosen  first.  Next  the  algorithm  finds  the 
largest  x  coordinate  dispenser  location.  If  y  value 
locations  are  duplicated,  then  the  smaller  x  dispenser 
locations  are  chosen  first.  Next  the  algorithm  finds  the 
largest  y  coordinate  dispenser  location.  If  x  value 
locations  are  duplicated,  then  the  larger  x  dispenser 
locations  are  chosen  first.  Lastly,  the  algorithm  finds  the 
smallest  x  coordinate  dispenser  location.  If  y  value 
locations  are  duplicated,  then  the  larger  y  dispenser 
locations  are  chosen  first.  This  whole  cycle  is  repeated 
until  all  of  the  dispenser  locations  have  been  chosen. 
Figure  5.10  flowcharts  this  process. 
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Figure    5.10:       Spiral   Flowchart 
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An  example  will  help  to  illustrate  this  cycle, 
sorted  bom  file  with  17  parts  is  given  in  Figure  5.11 
graph  of  the  data  is  given  in  Figure   5.12. 
Figure  5.11:   Sorted  BOM  File 
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Figure  5.12:  Experimental  Plate 
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To  start  the  algorithm  the  smallest  x  and  y  coordinate  is 
chosen  which  is  dispenser  1.  Now  the  algorithm  looks  for 
the  smallest  y  dispenser  location  in  the  BOM  file.  Two 
dispensers  exist  with  y  value  locations  of  3  (dispensers 
9,15).  Order  the  dispensers  by  choosing  the  one  with  the 
smallest  x  value  first  (dispenser  9) ,  then  choose  the  other 
(dispenser  15) .  Next  the  algorithm  looks  for  the  largest  x 
dispenser  location  in  the  BOM  file.  The  two  choices  are 
dispensers  16  and  17  with  x  values  of  10.  Dispenser  16  is 
chosen  first  because  it  has  the  smallest  y  value,  then 
dispenser  17  is  chosen.  The  algorithm  now  looks  for  the 
largest  y  value  location  in  the  file.  There  are  3  dispenser 
locations  with  a  y  value  of  11  (dispensers  5,8,12).  Choose 
the  dispensers  in  order  of  descending  x  value,  so  dispenser 
12  will  be  first  followed  by  dispensers  8  and  5.  Last  in 
the  cycle  is  to  find  the  dispenser  with  the  smallest  x  value 
location.  There  is  only  one  so  it  is  chosen  as  next  in  the 
path.  After  a  dispenser  is  chosen  in  the  path  it  is  blacked 
out  in  the  BOM  file,  never  to  be  considered  again.  The 
algorithm  keeps  repeating  the  cycle  above  until  all 
dispensers  are  chosen.  The  final  order  of  the  path  is  shown 
in  Figure  2.22.  The  order  is:  1-9-15-16-17-12-8-5-2-8-13- 
14-11-4-3-7-10. 
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Figure  5.13:  Plate  Path 


5. 5   Empirical  comparison  of  the  algorithms 

The  dispenser  locations  for  each  of  the  IBM  plates  were 
converted  into  x  and  y  mock-up  plate  coordinates  within  the 
workspace  of  the  robot.  This  was  done  by  adding  an 
appropriate  constant  to  each  of  the  x  and  y  coordinates. 
All  of  the  distances  between  each  of  the  dispensers  remained 
the  same.  A  new  BOM  file  was  created  for  each  of  the  IBM 
plates  using  the  adjusted  data. 

Three  different  paths  were  developed  for  each  of  the 
plates  by  running  the  BOM  files  on  the  nearest  neighbor,  the 
up/down,  and  the  spiral  algorithms.  Figure  2.23  shows  the 
computational  time  for  each  of  the  algorithms  to  determine 
the  internal  path. 
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NUMBER   OF   PARTS 


Figure  5.14:  Algorithm  Computation  Times 
(times  in  minutes:sec) 
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The  nearest  neighbor  algorithm  requires  the  most  time 
to  compute  a  path.  Over  half  of  the  total  time  required  was 
spent  computing  the  distance  matrix.  (The  distance  matrix 
was  discussed  in  the  Nearest  Neighbor  Algorithm  section.) 
The  up/down  algorithm  was  the  quickest,  with  all  times  less 
than  30  seconds. 

After  the  paths  were  created,  the  emulator  was  used  to 
find  the  internal  path  times  for  each  plate.  Both  cycle 
time  and  distance  traveled  are  given  in  Figure  5.15. 
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Figure  5.15   Internal  Path  Time  and  Distance 
(cycle  time  in  sec,  distance  in  mm) 

ALGORITHM: 

IBM  PLATE  #         Spiral     Nearest  Neighbor    Up/Down 

1:  time  108.1  69.2  87.9 

distance       15,049.4        3,395.4  8,751.2 

2:  time  91.3  56.6  69.5 

distance      13,887.2       3,035.6  6,189.6 

3:  time  89.5  57.9  67.1 

distance       12,935.5        2,831.2  5,547.9 

4:  time  87.6  54.7  67.6 

distance       12,783.2        2,684.3  6,421.3 

5:  time  81.1  50.3  59.0 

distance      12,823.1       2,482.3  4,913.2 

On  all  the  plates  the  nearest  neighbor  algorithm 
provides  the  best  internal  path  time.  In  each  case  the 
spiral  algorithm  is  worse. 

The  tests  indicate  that  time  and  distance  are  not 
directly  related.  For  example,  on  plate  1  the  nearest 
neighbor  algorithm  is  158%  better  than  the  up/down  algorithm 
based  on  distance  but  only  27%  better  based  on  time.  The 
acceleration  and  deceleration  times  of  the  robot  in  moving 
from  one  point  to  another  causes  the  robot  to  move  faster  as 
the  distance  traveled  increases. 

5.6   Conclusions  of  Internal  Path  Minimization 

The  major  conclusions  found  in  this  section  are: 

*  Work  station  design  affects  the  external  path  time  and 
distance . 

*  The  external  path  traversal  time  averages  out  over 
multiple  cycles  and  can  be  considered  constant  for  all 
algorithms . 
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*  Minimize  the  internal  path  time  to  minimize  the  pick 
and  place  sequence. 

*  Exact  minimization  of  the  internal  path  time  is  not 
feasible . 

*  Heuristics  should  be  used  to  develop  computationally- 
quick  algorithms. 

*  A  trade-off  exists  between  finding  a  heuristic  that 
will  minimize  internal  path  cycle  time  and  one  which 
will  require  the  shortest  amount  of  time  to  compute  a 
path. 

*  A  large  difference  in  total  path  distance  between 
heuristics  does  not  give  an  equally  large  total  cycle 
time  difference. 

Based  on  the  conclusions  above  the  best  heuristic 
choice  is  the  up/down  algorithm.  This  algorithm  will 
compute  a  path  in  less  than  30  seconds  which  is  quick  enough 
to  run  on  the  shop  floor.  The  computation  times  would  be 
shorter  with  a  faster  computer  and  computer  programs. 

The  nearest  neighbor  algorithm  computes  a  path  that 
generates  a  shorter  internal  path  time.  However,  after  the 
much  larger  constant  external  path  cycle  times  and  the 
constant  z-move  times  are  included,  the  overall  average 
cycle  time  difference  between  the  nearest  neighbor  and  the 
up/down  algorithm  is  minimal.  Figure  2.9a  shows  that  the 
average  internal  path  time  for  the  nearest  neighbor 
algorithm  is  9.2%  better  than  the  average  internal  path  time 
for  the  up/down  algorithm.  However,  The  average  total  cycle 
time  is  only  0.5%  better  for  the  nearest  neighbor  algorithm. 
Therefore  it  is  more  important  to  have  an  algorithm  that 
will  quickly  compute  a  path  than  to  have  an  algorithm  that 
computes  a  nearly  optimal  path. 
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CONCLUSIONS 

Although  the  pick  and  place  sequence  is  the  simplest 
robot  function,  it  has  many  important  industrial 
applications.  These  applications  include  material  handling 
and  assembly.  The  development  of  a  pick  and  place  sequence 
is  straight  forward  until  maximum  robot  productivity  is 
desired.  Optimization  of  a  pick  and  place  sequence  results 
in  minimum  cycle  time  and  maximum  productivity. 

The  research  completed  to  minimize  the  cycle  time  for 
the  IBM  7547  SCARA  Robot  yielded  general  principles 
applicable  to  any  pick  and  place  process.  There  are  three 
interrelated  areas  to  address  when  minimizing  cycle  time: 

*  Work  station  design 

*  Part  replenishment 

*  Pick  and  place  sequence 

Design  the  work  station  to  use  the  fastest  regions  of 
the  work  envelope.  Determining  the  fast  regions  requires 
intimate  knowledge  of  the  robot's  characteristics.  Tests 
performed  in  this  project  indicated  the  IBM  7547  SCARA  Robot 
was  faster  in  the  second  quadrant.  Therefore  the  workpieces 
should  be  placed  in  this  area. 

Supply  the  robot  continuously.  If  this  is  not 
possible,  the  robot  should  be  resupplied  at  normal  robot 
downtimes.  Continuous  supply  was  not  feasible  for  the  PAPS 
automatic  plate  loading  operation,  therefore  the  robot's 
working  supply  was  doubled  (two  magazines) .  Additionally 
the  use  of  alternate  magazines  minimizes  the  possibility  of 
running  out  of  a  dispenser  type   in  the  middle  of  a  plate 
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cycle,  and  illows  for  resupply  during  unavoidable  robot 
downtime  (plate  loading/unloading) . 

Select  a  good  pick  and  place  sequence.  Analyze  the 
fixed  and  variable  quantities  of  the  pick  and  place  sequence 
to  determine  those  quantities  which  should  be  optimized. 
Determine  whether  an  existing  model  or  algorithm  describes 
these  variable  quantities. 

For  this  project,  the  traveling  salesman  problem  was 
analagous  to  choosing  the  best  path  for  the  pick  and  place 
sequence.  An  exact  solution  may  not  always  be  practically 
applied.  Due  to  time  constraints,  the  traveling  salesman 
algorithm  could  not  be  applied  to  this  problem.  Therefore  a 
heuristic  is  used  to  minimize  the  path  within  the  plate,  and 
two  additional  heuristics  minimize  the  distance  from  a 
dispenser  to  a  cartridge. 

Circumstances  do  not  always  allow  for  true 
optimization,  sometimes  a  heuristic  solution  must  suffice. 
Cost  must  be  balanced  against  optimality  and  time  efficiency 
when  determining  the  path.  Is  the  optimal  path  worth  the 
cost?  How  often  is  a  new  pick  and  place  sequence  for  a 
plate  evaluated?  If  a  new  plate  does  not  occur  often,  then 
a  solution  approaching  optimality  could  be  found  off  line 
and  stored  until  needed.  However,  if  immediate  results  and 
flexibility  are  a  priority,  then  a  simple  heuristic  will 
have  to  be  applied. 

Three  heuristics  were  developed  for  the  internal  path 
portion  of  the  PAPS  automated  plate  loading  sequence: 
nearest  neighbor,  spiral  and  up/down.   The  up/down  heuristic 
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was  chosen  due  to  its  computational  efficiency.  The 
research  and  conversations  with  Dr.  Jack  Henry  of  IBM 
indicated  it  was  more  important  to  have  an  algorithm  that 
will  quickly  compute  a  path  than  to  have  an  algorithm  that 
computes  a  nearly  optimal  path. 

For  this  project  the  total  cycle  time  was  divided  into 
three  parts:  internal  path  time,  external  path  time  and  z- 
move  time.  The  average  z-move  time  comprised  69%  of  the 
average  total  cycle  time.  The  average  external  path  time 
was  25%  of  the  average  total  cycle  time.  The  average 
internal  path  time  was  approximately  6%  of  the  average  total 
cycle  time.  Therefore,  optimization  of  the  internal  path 
may  not  make  enough  difference  in  the  overall  cycle  time  to 
warrant  the  extra  computer  run  time.  For  this  reason, 
simple  computational  algorithms  were  developed  that  would 
achieve  a  good  solution  while  taking  little  computer  run 
time . 

The  average  z-move  time  comprised  69%  of  the  average 
total  cycle  time.  Unfortunately  the  z-moves  are  fixed  and 
cannot  be  optimized.  The  best  idea  is  to  minimize  the 
distance  the  z-axis  must  travel.  One  method  is  to  keep  all 
workpieces  on  the  same  plane  and  set  a  minimum  clear  height. 
Furthermore,  the  mechanical  nature  of  the  robot  should  be 
explored  to  see  if  the  speed  of  the  z-axis  could  be 
improved . 

Once  the  workstation  design  is  determined,  the  average 
external  path  time  becomes  constant.   The  magazines  were 
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placed  as  close  to  the  plate  as  possible.  The  magazine 
design  was  optimized  based  on  an  aggregate  plate.  A 
preferred  dispenser  to  cartridge  choice  was  appended  to  the 
BOM  for  each  plate.  This  preference  was  determined  by- 
minimizing  the  distance  from  the  dispenser  to  the  cartridge. 

Work  station  design,  part  replenishment,  and  process 
time  effect  the  total  time  required  to  perform  a  pick  and 
place  sequence.  All  three  must  be  effectively  addressed  to 
minimize  the  cycle  time.  Minimum  cycle  time  results  in 
maximum  robot  productivity. 

This  project  was  presented  to  and  accepted  by  IBM  in 
March  of  1989. 
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FUTURE  CONSIDERATIONS 

One  area  recommended  for  further  research  is  cartridge 
replenishment  schemes.  Cartridges  are  currently  replaced 
only  when  they  are  completely  depleted.  Cost  analysis 
should  be  performed  to  compare  the  costs  of  replacing 
cartridges  when  there  are  1,  2,  3,  4  or  5  dispensers 
remaining.  The  costs  should  include  cycle  time  analysis, 
set-up  time,  robot  downtime,  and  refilling  partially  empty 
cartridges.  If  a  new  replenishment  scheme  is  adopted 
(replacing  cartridges  with  levels  greater  than  0),  the 
changing  the  location  of  the  empty  space  in  the  full 
cartridges  should  be  changed.  Currently  the  empty  space  is 
placed  at  the  back  of  the  full  cartridges.  Should  a  new 
replenishment  scheme  be  employed,  the  empty  space  should  be 
placed  at  the  front  of  the  full  cartridges  to  minimize 
distance  traveled. 
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The  following  is  a  proposal  for  development  of  a  set  of 
models  and  programs  for  optimized  planning  and  operation  of 
the  IBM  7547  Scara  Robot  selected  for  "plate  loading" 
operation  automation.  it  is  not  by  any  means  a 
comprehensive  specification,  additional  details  will  be 
provided  at  later  stages. 
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1.0  Plate  Loading 

Simply  stated,  plate  loading  is  a  pick  and  place 
operation  that  is  easily  accomplished  manually.   The 
task  involves  removal  of  vertically-mounted  empty  dispensers 
from  a  fixture  plate  and  their  replacement  with  full 
dispensers.   Each  dispenser  is  placed  and  held  at  a  precise 
location  on  the  plate  with  a  given  orientation.    All 
dispensers  are  identical  in  shape  and  size,  requiring  the 
same  handling.   However,  dispensers  are  part-type  specific. 
A  given  part  type  may  be  utilized  in  several  positions 
on  the  plate,   since  there  may  be  many  dispensers  and  all 
identical  looking,   the  manual  plate   loading  becomes 
labor  intensive  and  error  prone.   Hence,  it  is  suitable 
for  automation. 

The  fixture  plate  bill  of  materials  specification  (BOM) 
supplies  the  part  types,  their  placement  location,  and 
orientation.  A  schematic  of  the  plate  fixture  and 
dispensers  is  given  in  Figure  1. 

Full  dispensers  are  supplied  in  magazines.   All  magazines 
are  identical  and  have  capacity  for  a  limited  number  of 
dispensers. 

2.0  The  Plate  Loading  Robot 

An  IBM  7547       scara  Robot  is  being  fitted  for  automation 
of  the  dispenser   loading  task.   A  schematic  of  the  design  is 
given  in  Figure  2. 

This  diagram  depicts  two  stationary  magazine  racks  for 
positioning  of  dispenser  magazines  in  discretely  defined 
feeder  slots.   Also  shown  is  the  location  and  mounting 
of  the  plate  fixture. 

The  robot  operation  consists  of  removal  of  an  empty 
dispenser   (if  any)  from  its  current  location  and  its  return 
to  an  empty  slot  within  the  appropriate  type  magazine. 
Then,  a  full  dispenser  from  the  same  magazine  is  retrieved 
and  placed   at   the  same   position   with   proper 
orientation.   These  steps  are  repeated  for  all  dispensers  on 
the  plate.   Loading  and  unloading  of  the  plate,  as  well 
as  replenishment  of  dispenser  magazines  is  done  manually. 

Note  that  full  dispensers  and  empty  dispensers  are  held  at 
opposite  orientations  in  the  magazine. 

3.0   Programming 

An  IBM  PC-based  control  program  generator  that  can 
supply  a  given  pick  and  place  instruction  sequence  for 
operation  of  the  robot  is  needed.  The  instruction  set 
supplies  the  NC  data  consisting  of  location  of  each 
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feeder  magazine,  placement  location  and  their 
orientation,  and  the  precise  handling  and  motion  of  the 
robot  arm.  The  instruction  sequence  must  be  free  of 
interference  problems.  The  control  program  must  be 
capable  of  exception  detection  and  recovery  actions 
whenever  they  occur.  Additional  details  on 
capabilities  of  the  control  program  will  be  supplied  at 
a  later  time. 

The  sequential  dependency  of  the  pick  and  placement 
steps  calls  for  optimization  of  the  placement  sequence. 
Purpose  of  the  optimization  is  minimization  of  the 
robot  cycle  time. 

A  hierarchy  of  decision  problems  for  optimized 
operation  of  the  robot  are  assumed.  These  problems  are 
described  in  the  following  sections. 

3.1  Robot  Loading 

Generally,  the  robot  magazine  capacity  is  in 
excess  of  the  part  types  (mix)  required.  It 
should,  therefore,  be  possible  to  load  the  robot 
judiciously  with  multiple  magazines  of  the  same 
kind  whenever  possible.  In  this  manner,  operator 
intervention  for  replenishment  of  the  robot  can  be 
minimized.  This,  of  course,  implies  additional 
capability  on  the  part  of  the  robot  controller  in 
utilization  of  alternate  magazines  whenever 
specified. 

3.2  Robot  Setup 

Clearly,  positioning  of  the  feeder  magazines 
effects  the  robot's  reach  delay  in  accessing  of 
the.  dispensers.  Hence,  the  optimum  location  of  each 
feeder  magazine  is  needed.  A  program  that  will 
assist  the  operators  in  optimum  setup  of  the  tool 
will  be  required. 

3.3  Pick  and  Place  Sequencing 

Depending  on   the   positioning  of   the   feeder 
magazines  and  placement  location  of  the  dispensers,  and 
subject  to  interference  restrictions,  the  optimum 
sequence  of   the  operations   is  needed.    This 
determination  should  be  possible  in  two  modes: 

a.  A  given  robot  setup  already  exists. 

b.  No  setup  has  been  implemented  and,  hence,  an 
integrated  solution  of  the  decision 
hierarchies  may  be  possible. 
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3.4  Step  Queueing 

If  during  the  execution  of  the  steps  an  em.,  cy 
magazine  is  encountered,  it  is  preferred  to  queue 
this  step  to  another  time.  In  the  meanwhile  the 
robot  will  work  on  steps  dealing  with  opposite 
rack  and  hence  permitting  the  operator  to 
replenish  the  robot  without  stoppage. 

4.0  Robot  Usage  Environment 

Generally,  a  single  robot  will  be  used  for  support  of  a 
family  of  distinct  plates  that  are  under  concurrent 
usage.  The  usage  rates  may  be  equal  or  vary  according 
to  certain  demand  ratios.  In  this  case,  the  staging  of 
the  robot  is  based  on  an  aggregated  BOM  that  supports 
the  family  of  plates  under  consideration.  This  may  be 
an  additional  factor  in  design  of  optimization  models 
for  support  of  robot  tasks. 

5.0  Robot  Emulation 

The  purpose  of  an  emulator  is  to  provide  an  accurate 
estimation  of  the  robot  cycle  time  for  given  robot 
setup  and  pick  and  place  sequence.  The  emulator  will 
obey  the  same  control  logic  and  employ  the  same  timing 
delays  as  the  robot  motions  will  take.  This  requires 
precise  characterization  of  the  robot  movement  delay 
processes,  initialization,  and  termination  routines. 
Thus,  the  emulator  is  a  quantitative  definition  of  the 
robot  system  and  its  controller.  It  is  a  numerical 
offline  line  tool  by  which  to  obtain  process  rates  for 
particular  plates  with  respect  to  given  setups  and 
sequences. 

This  will  provide  precise  estimates  for  production 
capacity  analysis.  The  requirement  is  to  be  able  to 
predict  robot  cycle  time  to  within  +5%  of  the  actual. 

6.0  Exception  Handling 

6.1  Exception  Detection  and  Recovery  Requirements  for 
the  Controller 

The  robot  controller  is  expected  to  have  the 
intelligence  to  detect  and  handle  exceptions  as 
they  occur.  The  nature  of  such  exceptions  and  the 
recovery  procedure  will  be  determined  at  a  later 
time. 

6.2  Precision  and  Accuracy  Requirements 

Information  pertaining  to  this  will  be  supplied  at 
a  later  date. 
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7.0  Data  Supply,  User  Interfacing,  and  Program  Management 

A  user-friendly  interfacing  system  for  operation  of  the 
robot  and  data  management  is  needed.  The  BOM 
specification  for  each  plate  will  be  supplied  in 
readable  formatted  files  on  a  PC  diskette.  The  data 
will  contain  part  number  names,  placement  location,  and 
orientation,  and  any  fudicial  information  for  locating 
purposes. 

Four  primary  functions  are  assumed,  which  are 
controlled  via  a  task  selection  menu: 

a.  BOM  specification  tasks 

Here  the  operator  will  be  able  to  supply  a  BOM 
and/or  modify  existing  files. 

b.  Optimization  tasks 

This  function  is  divided  into  setup  and  sequencing 
of  tasks: 

1)  For  setup,  the  operator  may  (i)  choose  own 
specification  of  a  setup.  This  includes 
specification  of  a  current  setup  or  selection 
of  a  setup;  (ii)  operator  may  request  for 
assistance  in  creation  of  a  setup. 

2)  For  sequencing,  the  operator  may  supply  the 
sequence  or  request  the  system  to  supply  it. 
The  optimized  sequence  should  be  accessible 
for  viewing  and  editing  by  the  operator. 

c.  Creation  of  the  NC  data,  down  loading,  and  task 
initiation. 

d.  This  option  will  allow  the  operator  to  examine 
performance  of  the  robot  for  a  given  setup  and 
sequence  for  a  particular  plate. 

In  addition  to  the  above,  it  is  desirable  for  the  PC 
system  to  collect  statistics  on  online  usage  of  the 
robot.  This  will  include  record  of  interruptions, 
exceptions  occurred,  number  of  runs,  parts  consumed,' 
etc. 
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Work  Station  Distance  Tests 

The  work  station  distance  test  data  are  displayed  in 
Tables  A1-A4 ,  The  tests  were  performed  at  the  0  precision 
level  (highest  precision)  and  the  controller  was  set  for 
medium  speed. 
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55.00 

4242. £4 

77.14 

X 

30.00 

57 

57 

57.00 

3000.00 

52.£3 

y 

30.00 

58 

58 

58.00 

3000.00 

51.72 

y 

42.43 

£7 

£7 

£7.00 

4242. £4 

£3.32 

X 

30.00 

54 

54 

54.00 

3000.00 

55.5£ 

y 

30.00 

£0 

59 

59.50 

3000.00 

50.42 

y 

42.43 

£1 

£1 

£1.00 

4242.£4 

£9.55 

X 

30.00 

£0 

£0 

£0.00 

3000.00 

50.00 

y 

30.00 

51 

51 

51.00 

3000.00 

58.82 

y 

42.43 

£1 

£1 

£1.00 

4242.64 

£9.55 

X 

30.00 

5£ 

5£ 

55.00 

3000.00 

53.57 

y 

30.00 

57 

57 

57.00 

3000.00 

52. £3 

y 

42.43 

£3 

£3 

£3.00 

4242.64 

£7.34 

75 


Table    A2    • 
100    mm   Time-Distance 


Location      Direction       D 


X 

y 

xy 

X 

y 

sy 


y 

xy 

X 

y 

xy 

X 

y 

xy 
x 

y 

xy 
x 

y 

xy 


istance 

c 

!ycle  TiiBes  (sees) 

Total 

Speed 

(flii) 

11 

T2 

AVERAGE  Dis 

tance  Moved 

(dill/sec) 

100.00 

74 

74 

74.00 

10000.00 

135.14 

100.00 

87 

87 

87.00 

10000.00 

114.94 

141.42 

103 

103 

103.00 

14142.14 

137.30 

100.00 

30 

80 

80.00 

10000.00 

125.00 

100.00 

87 

37 

37.00 

10000.00 

114.94 

141.42 

8fa 

36 

36.00 

14142.14 

164.44 

100.00 

87 

87 

87.00 

10000.00 

114.94 

100.00 

80 

80 

80.00 

10000.00 

125.00 

141.42 

87 

87 

87.00 

14142.14 

162.55 

100.00 

30 

30 

80.00 

10000.00 

125.00 

100.00 

83 

83 

83.00 

10000.00 

120.48 

141.42 

101 

101 

101.00 

14142.14 

140.02 

100.00 

74 

74 

74.00 

10000.00 

135,14 

100.00 

33 

33 

83.00 

10000.00 

120.48 

141.42 

85 

85 

85.00 

14142.14 

166.38 

100.00 

■jO 

% 

90.00 

10000.00 

111.11 

100.00 

bb 

S7 

£8.50 

10000.00 

150.38 

141.42 

35 

35 

35.00 

14142.14 

166.38 

100.00 

80 

30 

30.00 

10000.00 

125.00 

100.00 

79 

7'3 

79.00 

10000.00 

126.53 

141.42 

92 

92 

92.00 

14142.14 

153.72 
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Table  A3 
250  mm  Time-Distance 


LocaticTi 


Directiun 

Distance 

Cyi 

tie  Tidies  (sees) 

Total 

Speed 

(iiiiii) 

n 

T2 

AVERAGE  Di: 

Ltance  Moved 

(jiii/S£C) 

250.00 

107 

107 

107.00 

25000.00 

233.64 

250.00 

105 

105 

105.00 

25000.00 

233.10 

xy 

353.55 

110 

111 

110.50 

35355.34 

■   319.96 

250.00 

38 

38 

88.00 

25000.00 

284.09 

250.00 

105 

105 

105.00 

25000.00 

238.10 

xy 

353.55 

114 

114 

114.00 

35355.34 

310.13 

250.00 

99 

99 

99.00 

25000.00 

252.53 

250.00 

loe 

lOS 

106.00 

25000.00 

235.85 

xy 

353.55 

Ufi 

116 

116.00 

35355.34 

304.79 

250.00 

111 

111 

111.00 

25000.00 

225.23 

250.00 

100 

100 

100.00 

25000.00 

250.00 

xy 

353.55 

107 

106 

105.50 

35355.34 

331.98 

250.00 

39 

99 

99.00 

25000.00 

252.53 

250.00 

100 

100 

100.00 

25000.00 

250.00 

xy 

353.55 

120 

119 

119.50 

35355.34 

295.36 

250.00 

109 

109 

109.00 

25000.00 

229.36 

250.00 

83 

83 

83.00 

25000.00 

301.20 

xy 

353.55 

118 

118 

113.00 

35355.34 

299.62 

250.00 

115 

115 

115.00 

25000.00 

217.39 

250.00 

105 

104 

104.50 

25000.00 

239.23 

xy 

353.55 

102 

102 

102.00 

35355.34 

346.62 
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Table   A4 
500   mm  Time-Distance 


Locatinn      Direttion 


X 

y 

xy 

X 

y 

xy 

X 

y 

xy 

X 

y 

xy 

X 

y 

xy 
X 

y 

xy 

X 

y 

xy 


Distance 

C/cle  Times  (sees) 

Total 

Speed 

Ua) 

Tl 

T2 

AVERAGE 

Distance  Moved 

(dm/ sec) 

500.00 

119 

IIB 

11B.50 

50000.00 

421.94 

500.00 

0 

0 

0.00 

50000.00  , 

ERR 

707.11 

0 

0 

0.00 

70710.68 

ERR 

500.00 

121 

122 

121.50 

50000.00 

411.52 

500.00 

0 

0 

0.00 

50000.00 

ERR 

707.11 

0 

0 

0.00 

70710.63 

ERR 

500.00 

124 

125 

124.50 

50000.00 

401.61 

500.00 

140 

140 

140.00 

50000.00 

357.14 

707.11 

177 

177 

177.00 

70710.58 

399.50 

500.00 

136 

!36 

136.00 

50000.00 

367.65 

500.00 

122 

121 

121.50 

50000.00 

411.52 

707.11 

0 

0 

0.00 

70710.68 

ERfi 

500.00 

140 

135 

139.50 

50000.00 

358.42 

500.00 

r2'j 

129 

129.00 

50000.00 

387.60 

707.11 

0 

0 

0.00 

70710.68 

ERR 

500.00 

i44 

145 

144.50 

50000.00 

346.02 

500.00 

132 

131 

131.50 

50000.00 

380.23 

707.11 

1£5 

lfc5 

165.00 

70710.68 

423.55 

500.00 

0 

0 

0.00 

50000.00 

ERR 

500.00 

138 

137 

137.50 

50000.00 

363.64 

707.11 

0 

0 

0.00 

70710.63 

ERR 
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The  experimental  plates  were  developed  after  analyzing 
the  five  plates  IBM  supplied.  The  five  IBM  plates  were 
first  analyzed  to  determine  the  distribution  of  part  types. 
Table  A2  details  the  analysis  of  the  IBM  part-types. 
There  were  twenty-five  different  part  types,  but  only  eight 
of  those  part  types  had  significant  percentages  (  >  3%)  . 
These  part  types  were:  PI,  P2,  P4 ,  P6 ,  P7 ,  Tl ,  T2 ,  T3 .  The 
experimental  plates  contain  eight  different  part  types  with 
the  same  percentage  distribution  as  the  IBM  plates  (see 
Table  A2) . 

Table  A5:   IBM  Part-Type  Analysis 

Number  on  Five 
IBM  Part  Type      Sample  IBM  Plates  Percentage 

12.0 
8.8 
8.1 
0.7 
1.8 
0.4 
0.7 
0.7 
30.6 
13.0 
0.0 
3.9 
1.8 
7.7 
4.6 
0.4 
1.1 
0.4 
0.4 
0.4 
1.1 
0.4 
0.7 
0.4 
0.4 


Tl 

68 

T2 

50 

T3 

46 

T4 

4 

T5 

10 

T6 

2 

T7 

4 

T8 

4 

PI 

174 

P2 

74 

P3 

0 

P4 

22 

P5 

10 

P6 

44 

P7 

26 

P8 

2 

P9 

6 

PIO 

2 

Pll 

2 

P12 

2 

P13 

6 

P14 

2 

P15 

4 

P16 

2 

P17 

2 
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Table  A6 :   Mock-up  Part-Type  Data 
IBM  Part  Type     Experimental  Part  Type      Percentages 


PI 

1 

30.6 

P2 

2 

13.0 

Tl 

3 

12.0 

P6 

4 

7.7 

T2 

5 

8.8 

T3 

6 

8.1 

P7 

7 

4.6 

P4 

8 

3.9 

The  IBM  plates  were  also  visually  analyzed  for  part  trends. 
An  example  trend  might  be  all  of  a  part  type  being  located 
on  one  side  of  the  plate.  The  experimental  plates  mimic 
those  part  type  trends  found  on  the  IBM  plates.  The 
experimental  plates  are  displayed  in  Tables  A4-A8. 

The  experimental  plates  were  used  to  develop  the 
aggregate  plate  used  in  the  magazine  design  algorithm.  The 
aggregate  plate  was  the  combination  of  all  dispensers  on  the 
five  experimental  plates  onto  one  plate. 
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Table  A7: 

BOM  Experimental 

Plate 

1 

Part  Type 

X-location 

Y-location 

Pref 

erred 

Cartridge 

Mag; 

azine 

1  Maaazine 

1 

-752 

473 

7 

12 

4 

-752 

511 

14 

5 

1 

-752 

549 

7 

11 

2 

-752 

587 

11 

7 

1 

-752 

625 

7 

9 

1 

-752 

663 

7 

8 

1 

-714 

663 

8 

8 

3 

-714 

625 

5 

6 

1 

-714 

587 

8 

10 

3 

-714 

549 

5 

14 

1 

-714 

511 

8 

12 

2 

-714 

473 

11 

13 

6 

-676 

473 

3 

3 

1 

-676 

511 

9 

12 

1 

-676 

549 

9 

11 

6 

-676 

587 

3 

3 

1 

-676 

625 

9 

9 

2 

-676 

663 

11 

7 

5 

-638 

663 

4 

4 

1 

-638 

625 

10 

9 

3 

-638 

587 

13 

6 

4 

-638 

549 

14 

5 

7 

-638 

511 

2 

2 

8 

-638 

473 

1 

1 

3 

-600 

473 

13 

14 

2 

-600 

511 

11 

13 

5 

-600 

549 

4 

4 

5 

-600 

587 

4 

4 

7 

-600 

663 

2 

2 

2 

-562 

625 

12 

7 

4 

-562 

549 

14 

5 

6 

-562 

473 

3 

3 
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Table  A8 :  BOM  E.  perimental  Plate  2 


Part  Type 

X-location 

Y-location 

1 

-752 

473 

1 

-752 

511 

2 

-752 

549 

1 

-752 

587 

1 

-752 

625 

1 

-752 

663 

5 

-714 

663 

1 

-714 

625 

3 

-714 

587 

1 

-714 

549 

7 

-714 

511 

3 

-714 

473 

1 

-676 

473 

4 

-676 

511 

4 

-676 

549 

2 

-676 

587 

1 

-676 

625 

1 

-676 

663 

3 

-638 

663 

8 

-638 

625 

5 

-638 

549 

1 

-638 

511 

5 

-638 

473 

4 

-600 

511 

3 

-600 

549 

2 

-600 

587 

6 

-600 

625 

7 

-600 

663 

2 

-562 

663 

6 

-562 

587 

2 

-562 

549 

6 

-562 

473 

Preferred  Cartridge 
Magazine  1   Magazine  2 


7 

7 

11 

7 

7 

7 

4 

8 

5 

8 

2 

5 

9 

14 

14 

11 

9 

9 

13 

1 

4 

10 

4 

14 

13 

11 

3 

2 

12 

3 

12 

3 


12 

12 

13 

10 

9 

8 

4 

9 

6 

11 

2 

14 

12 

5 

5 

7 

9 

8 

6 

1 

4 

12 

4 

5 

14 

7 

3 

2 

7 

3 

13 

3 
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Table  A9 
Part  Type  X-location 


-752 

473 

-752 

511 

-752 

549 

-752 

587 

-752 

625 

-752 

663 

-714 

663 

-714 

625 

-714 

587 

-714 

549 

-714 

511 

-714 

473 

-676 

473 

-676 

511 

-676 

549 

-676 

587 

-676 

625 

-676 

663 

2 

-638 

663 

5 

-638 

625 

6 

-638 

587 

2 

-638 

549 

5 

-638 

511 

3 

-600 

473 

4 

-600 

511 

3 

-600 

587 

1 

-600 

625 

5 

-600 

663 

2 

-562 

663 

7 

-562 

625 

2 

-562 

587 

6 

-562 

549 

BOM  Experimental  Plate  3 

Y-location    Preferred  Cartridge 

Magazine  1   Magazine  2 


14 

5 

7 

12 

5 

14 

3 

3 

2 

2 

7 

8 

1 

1 

8 

9 

11 

7 

8 

11 

8 

12 

8 

12 

14 

5 

9 

12 

9 

11 

9 

10 

13 

6 

9 

8 

11 

7 

4 

4 

3 

3 

11 

13 

4 

4 

13 

14 

14 

5 

13 

6 

10 

9 

4 

4 

12 

7 

2 

2 

12 

7 

3 

3 
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Table  AlO:  BOM  Experimental  Plate  4 


Part  Type 

X-location 

Y-location 

7 

-752 

473 

1 

-752 

511 

4 

-752 

549 

2 

-752 

625 

1 

-752 

663 

1 

-714 

663 

1 

-714 

625 

6 

-714 

587 

1 

-714 

549 

1 

-714 

511 

1 

-714 

473 

4 

-676 

473 

2 

-676 

511 

1 

-676 

549 

1 

-676 

587 

5 

-676 

625 

3 

-676 

663 

6 

-638 

625 

1 

-638 

587 

5 

-638 

549 

4 

-638 

473 

3 

-638 

473 

2 

-600 

473 

1 

-600 

511 

3 

-600 

549 

2 

-600 

625 

2 

-600 

663 

7 

-562 

663 

3 

-562 

625 

6 

-562 

587 

5 

-562 

473 

Preferred  Cartridge 
Magazine  1   Magazine  2 

2  2 
7  12 
14  5 
11  7 

7  8 

8  8 
8  9 

3  3 
8  11 
8  12 

8  12 
14  5 
11  13 

9  11 

9  10 

4  4 

13  6 

3  3 

10  10 

4  4 

14  5 
13  14 

11  13 

10  12 
13  14 

11  7 
11  7 

2  2 
13  6 

3  3 

4  4 
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Table  All:  BOM  Experimental  Plate  5 


Part  Type 

X-location 

Y-location 

6 

-752 

473 

3 

-752 

549 

1 

-752 

587 

1 

-752 

625 

1 

-752 

663 

2 

-714 

663 

3 

-714 

625 

5 

-714 

587 

1 

-714 

549 

1 

-714 

511 

1 

-714 

473 

1 

-676 

473 

1 

-676 

511 

4 

-676 

549 

1 

-676 

587 

2 

-676 

625 

1 

-676 

663 

5 

-638 

663 

3 

-638 

625 

6 

-638 

587 

2 

-638 

549 

4 

-638 

511 

7 

-638 

473 

3 

-600 

473 

5 

-600 

549 

8 

-600 

587 

2 

-600 

625 

2 

-600 

663 

7 

-562 

663 

1 

-562 

625 

6 

-562 

549 

4 

-562 

511 

Preferred  Cartridge 
Magazine  1   Magazine  2 


3 

5 

7 

7 

7 

11 

5 

4 

8 

8 

8 

9 

9 

14 

9 

11 

9 

4 

13 

3 

11 

14 

2 

13 

4 

1 

11 

11 

2 

10 

3 

14 


3 

14 

10 

9 

8 

7 

6 

4 

11 

12 

12 

12 

12 

5 

10 

7 

8 

4 

6 

3 

13 

5 

2 

14 

4 

1 

7 

7 

2 

9 

3 

5 
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Maximum  robot  productivity  can  be  achieved  through  an 
optimized  pick  and  place  operation.  This  paper  details 
three  areas  to  address  when  optimizing  a  pick  and  place 
operation:  work  station  design,  replenishment  and  the  pick 
and  place  sequence.  In  particular,  this  paper  considers  the 
pick  and  place  sequence  used  in  the  PAPS  automatic  plate 
loading  process  of  an  IBM  7547  SCARA  Robot. 


